Solid-solid junctions with an interfacial self-assembled monolayer ͑SAM͒ are a class of interfaces with very low thermal conductance. Au-SAM-GaAs junctions were made using alkanedithiol SAMs and fabricated by nanotransfer printing. Measurements of thermal conductance using the 3 technique were very robust and no thermal conductance dependence on alkane chain length was observed. The thermal conductances using octanedithiol, nonanedithiol, and decanedithiol SAMs at room temperature are 27.6± 2.9, 28.2± 1.8, and 25.6± 2.4 MW m −2 K −1 , respectively.
There exists a finite thermal boundary conductance G at all interfaces due to the scattering of heat carriers incident on the interface. This quantity is defined as G = q / ⌬T, where q is the heat flux normal to the interface and ⌬T is the temperature difference across the interface. In nanoscale systems, G becomes important as it can greatly influence thermal transport.
1 Although both phonons and electrons can transport heat, we focus on metal-nonmetal interfaces where the phonon mode of thermal transport is dominant. Previously reported values [2] [3] [4] [5] of G at metal-nonmetal interfaces are in the range 8 Ͻ G Ͻ 700 MW m −1 K −1 . In this work, we measure the thermal conductance of solid-solid junctions with an interfacial self-assembled monolayer ͑SAM͒. The molecules of a SAM consist of a head group, which has an affinity for the substrate, a molecular backbone, and a terminal end group. By varying the head group, these molecules can be made to spontaneously adsorb into well-defined assemblies on the surfaces of various metals, oxides, and semiconductors. 6 An understanding of thermal transport at a solidmolecule-solid interface will play an important role in the growing fields of molecular electronics 7, 8 and small molecule organic thin film transistors. 9, 10 However, experimental work on thermal transport in solid-molecule-solid junctions is limited. 11 Complementary research reports include recent work on the theory of thermal transport in molecular wires 12, 13 and on thermal transport through solid-moleculeliquid interfaces. [14] [15] [16] The SAMs investigated in this work are alkanedithiols, HS -͑CH 2 ͒ n -SH, which are well understood and characterized. 6, 17 Specifically, we investigated interfacial SAMs made of octanedithiol ͑ODT, n =8͒, nonanedithiol ͑NDT, n =9͒, and decanedithiol ͑DDT, n =10͒ covalently bonded between Au and GaAs. An idealized junction is shown in Fig. 1͑d͒ .
Since ODT, NDT, and DDT are electrically insulating molecules, phonons are the dominant heat carriers in these junctions. Upon reaching an interface between two materials, A and B, a phonon can either be reflected or transmitted as governed by a transmission probability. The diffuse mismatch model 18 is commonly used to calculate this transmission probability. It assumes that all phonons are diffusely scattered at the interface between A and B and that the mismatch in the vibrational density of states determines the transmission probability. The vibrational spectra of alkane a͒ Author to whom correspondence should be addressed; electronic mail: majumdar@me.berkeley. edu   FIG. 1 . Nanotransfer printing process used in this work. An ideal interface for the Au-alkanedithiol-GaAs junction is shown in part ͑d͒.
SAMs ͑Refs. 19-22͒, Au ͑Ref. 23͒, and GaAs ͑Ref. 24͒ are reported in literature. These papers show that a bulk solid's vibrational spectrum is continuous and broadband, whereas a SAM's vibrational spectrum is discrete with narrow bands. As a result, there is a huge mismatch in vibrational spectra. This should produce a very low thermal conductance compared to that of solid-solid interfaces.
We also anticipate that the transmission probability will depend on phonon polarization. Since the lateral intermolecular bonds in a SAM are due to weak van der Waals interactions, the transverse vibrational modes will be at much lower frequencies than those of Au and GaAs, which contain strong metallic and covalent bonds, respectively. This frequency mismatch should suppress the transmission of transverse vibrational modes across the interface.
The Au-SAM-GaAs junctions in this study were fabricated by nanotransfer printing 25 ͑nTP͒ as depicted in Fig. 1 . In brief, a gold film is evaporated onto a silicon stamp and transferred onto the SAM. [25] [26] [27] [28] This stamping technique was chosen to avoid Au penetration though the SAM, as occurs during vapor deposition processes. 26, 27, 29 Such penetration would result in direct Au-GaAs contact and corrupt the measurements. Using rigid Si stamps prevented nanocracking of the Au film that can occur when using traditional soft poly͑dimethylsiloxane͒ stamps.
Our GaAs and SAM preparation closely followed the procedures described in Ref. 25 . The GaAs oxide was etched by using concentrated hydrochloric acid. All SAMs were prepared by immersing undoped GaAs͑100͒ substrates in a 10 mM solution of alkanedithiol in ethanol ͑EtOH͒ for 12-14 h. After SAM deposition, the substrates were stored in pure EtOH until the Au stamping ͑ϳ5-10 h͒. Approximately 30 nm of Au were then thermally evaporated onto Si stamps. The Si stamps were made using standard lithography methods and had a 500 nm depth of relief.
The GaAs substrates were removed from their EtOH storage and dried with a N 2 gun. Simultaneously, the Aucoated stamps were hydrogen flame annealed to remove surface contaminants and promote the formation of larger grains via gold diffusion. 30 During annealing, the flame tip was swept back and forth across the Au-coated stamp at approximately 1 Hz for 45 s. Although the Au-Si eutectic temperature is only 636 K, 31 no melting is observed, which is likely due to the silicon native oxide. The GaAs substrate and SAM were then placed on top of the Au-coated stamps and an external pressure was applied to the substrate-stamp stack for about 10 s to promote contact at the Au-SAM interface. Upon contact with the Au film, the terminal thiol groups of the SAM react to form strong Au-S bonds. During this step, we used a hand operated compact arbor press with a custombuilt ram to apply 125 MPa of pressure ͑except for Fig. 2 , where fabrication pressure was varied͒. After removal of the stamp, the Au film remains bonded to the SAM resulting in a completed Au-SAM-GaAs junction. The adhesion between the Au film and the SAM is an indication of numerous Au-S bonds. In fact, without the strong Au-S bonds, the Au film fails to transfer print. 25 Furthermore, our samples passed Scotch-tape adhesion tests, which indicate that the junctions are mechanically dominated by Au-S bonds.
The thermal conductances of the Au-SAM-GaAs junctions were measured using the 3 technique.
32,33 Since a SAM is essentially an ultrathin film, its geometry is amenable to this technique. The 3 method requires a patterned metal line on the SAM to function as a combined electrical heater and thermometer. Au lines were patterned onto the SAMs using nTP as described above. The line dimensions were 1.8-3.2 m wide, 150-250 m long, and ϳ30 nm thick. Electrical contact to the line was made with Au wire and conducting epoxy. To cure the epoxy, the samples were heated to 90°C for 1 h. Since electrical leakage current through the substrate can corrupt 3 measurements, all samples were prepared on undoped GaAs. All necessary inputs for the 3 analysis were measured except for the density and specific heat of GaAs, which were taken from literature. 34 Figure 2 shows the room temperature thermal conductance of Au-ODT-GaAs as a function of compressive pressure during transfer printing. This figure contains data from our prior work, which focused only on ODT, 11 as well as our latest measurements. Over the range of 60-160 MPa, the standard deviation is only 9%. Even though the pressure across the stamp-substrate interface may have been nonuniform, this data indicates that these thermal conductance measurements are not strongly dependent on this variable. Atomic force microscopy images of freshly oxide-etched GaAs substrates and flame-annealed Au-coated stamps revealed root-mean-squared roughnesses of 0.6± 0.1 and 1.5± 0.3 nm, respectively. Since the SAMs are expected to be ϳ1.4 nm thick, 17 surface roughness effects may be nonnegligible. However, the marginal dependence of thermal conductance on pressure indicates that these roughness effects are not dominant.
One internal check on the 3 technique is its ability to predict the substrate thermal conductivity using the dependence of the temperature response to the heating frequency. Our 3 data indicate the GaAs thermal conductivity is 51± 4 W m −1 K −1 , which is in agreement with that found in the literature. 34 Room temperature results for the thermal conductance of ODT, NDT, and DDT SAMs are shown in Table I . While studies on the electrical conductance of SAMs show a strong dependence on alkane length, 35 our measurements detect no observable thermal conductance dependence on alkane length within the range of eight to ten methylene units. It is worth noting that due to electrode shorting, measurements of SAM electrical conductance can vary significantly. 29 Remarkably, our measurements of thermal conductance were 
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Wang, Segalman, and Majumdar Appl. Phys. Lett. 89, 173113 ͑2006͒ extremely robust; of the 30 samples measured, 29 are reported in this letter. That the thermal conductance is also robust to changes in fabrication pressure and alkane length is also significant. These results are consistent with work done by Ge et al. 16 on Au-SAM-water interfaces. In that work, the junction thermal conductance was 100 MW m −2 K −1 when using a hydrophilic SAM. If we assume that their conductance was limited by the Au-SAM interface, then for a Au-SAM-GaAs junction ͑which has two solid-SAM interfaces͒, one would expect the thermal conductance to be about 50 MW m −2 K −1 . Given the differences between their experiment and ours, our results are in reasonable agreement.
The thermal conductance of these Au-SAM-GaAs junctions is very low compared to most solid-solid thermal conductances. [2] [3] [4] [5] In general, as the difference in Debye temperature D between two materials decreases, the thermal conductance between them increases. The Debye temperatures of Au ͑ D = 165 K͒ and Si ͑ D = 645 K͒ differ by a factor of 4, and the measured 5 thermal conductance between them is 120 MW m −2 K −1 at room temperature. Since the Debye temperatures of Au and GaAs ͑ D = 363 K͒ differ by only a factor of 2, one would expect the thermal conductance between them to be greater. In contrast, a Au-GaAs junction with an interfacial SAM is approximately four times lower than Au-Si. While a direct comparison between Au-GaAs and Au-SAM-GaAs junctions fabricated by nTP would be valuable, it is not possible because the nTP technique requires the presence of a SAM.
Choosing materials with very different Debye temperatures is a proven method to create very low thermal conductance interfaces. Lyeo and Cahill 4 chose materials with Debye temperatures differing by factors of 5-20 to make junctions with thermal conductances in the range 8 Ͻ G Ͻ 30 MW m −2 K −1 . In contrast, the thermal conductance of the Au-GaAs junction with interfacial SAM falls within the same range with only a small difference in Debye temperature. Our measurements indicate that inserting a SAM into an interface represents an alternative method to attain low thermal conductances.
Thermal transport through SAMs is still not understood and much more research needs to be done. This letter presents original measurements of thermal conductance in solid-SAM-solid structures. There are many open questions that still need to be addressed. For example, is thermal transport affected by the contacts, the SAM's molecular structure, or both? This could perhaps be addressed by comparing SAMs made of aromatic molecules to those made of aliphatic ones.
Furthermore, since the populated phonon frequencies vary with temperature, an investigation of thermal conductance as a function of temperature will be interesting. 
